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ABSTKACT 

An assassaant is nada of tha rasults of phasa 
I sccaaning tastinq of currant and advancad com- 
bustion system concepts uslnq several broadened- 
properties fuels. Tha severity of each of several 
fuels-properties affects on combustor performance 
or liner life is discussed, as well as design 
techniques with the potential to offset these ad- 
verse effects. The selection of concepts to be 
pursued in Phase IX refinement testing Is describ- 
ed. this selection takes into account the rela- 
tive costs and complexities of the concepts, the 
current outlook on pollutant emissions control, 
and practical operational problems. 

INTRODUCTION 

Throughout the history of the development and 
use of jet aircraft engines, there has been, with 
L brief exception, an abundant supply of high- 
qua! rty petroleum middle-distillates to fuel these 
engines. The availability of these high-quality 
middle-distillates is expected to diminish toward 
the end of this century because of diminishing 
overall supplies of crude oil and the resulting 
competition for minimally - refined portions of 
the petroleum barrel. In fact, because of chang- 
ing sources of crude oil supply, there has been a 
trend over several years toward higher aromatics 
content in Jet A fuel delivered to airports to the 
extent that waivers of ASTM standards have had to 
be issued. 

To offset a shortage of fuels obtained through 
straight distillation, higher -boiling-point 
fractions could be cracked and hydrogenated to 
force then to meet present specifications; how- 
ever, these would be expensive and high-energy- 
consuming processes. An alternative is to modify 
the jet engine, in particular the combustion 
system, to accept fuels with lees stringent speci- 
fications. This course would involve large ini- 
tial expenditures for combustion system develop- 


ment and modification of in-uae engines designed 
for the use of higher -quality fuels, but would 
have the benefit of reduced fuel-processing costs 
over the lifetime of the engine. Xt is entirely 
possible that the optimum choice will be a com- 
promise, with soma fuel treatment and some com- 
bustion system modifications. The Broad-Speci- 
fication Fuels Combustion Technology Program was 
initiated by NASA to define the coabustion system 
technology required to a c commodate broadened- 
properties fuels with minimal processing, so that 
the trade-offs between extensive fuel processing 
to present specifications and combustion system 
modification with relaxation of fuel specifica- 
tions can be evaluated* 

The Broad-Specification Fuels Combustion Tech- 
nology Program is a two-phase program involving 
parallel contracted efforts by the Pratt a Mhitney 
Aircraft Group of the United Technologies Corpora- 
tion and the Aircraft Engine Business Group of the 
General Electric Company. This paper is an assess- 
ment of the Phase I test results obtained by both 
contractors, in terms of severity of several fuels- 
properties effects on combustor performance or 
liner life. Design techniques with the potential 
to offset adverse fuels effects are described. The 
rationale for selection of combustion system con- 
cepts to be pursued in Phase IX refinement testing 
is presented, taking into account the relative 
costs and complexities of the concepts, the current 
outlook on pollutant emissions control, and prac- 
tical operational problems. 

Because of the extent of the testing accom- 
plished in the Phase I program with the two con- 
tractors, and the limitations on the length of a 
paper of this type, it is not possible to describe 
in detail all of t.'ie numerous combustor modifica- 
tiops and their effects on the ability of the 
several combustor concepts to use broadened-pco- 
perties fuels. Neither is it possible to review 
the test results for every one of the many para- 
meters of interest in the program. Accordingly, 
although a large part of the phase X Program effort 
was devoted to reduction of emissions, a discussion 
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of MlMions rtsults will bo ooittod froa this 
popor* oxcopt for o fow briof rooorko in tho con- 
cluding ooctiona. Inotoodt tho purpoooo of this 
popor oco tot 

(1) . prooont ooao of tho ooro oi^nificont ro- 

•ulto ohowinq tho offocto of tho uoo of 
broadonod-proportioa fuols on coobuatoc 
porfotoonco ond durability chococtor- 
iotieo. 

(2) • Noko oooo 9 onorol statoaonto ooncorning 

coabuator dm%iqn aodificationa offoctivo 
in roducing tho aonaitioitioa of thooo 
charactoriaties to fuola proper tioa 
chan 9 oa. 

(3) . Diacuaa what tho roaulta of Phaao Z« con- 

aidorod along with changoa in oaiaaiona 
regulations » aaan to future ooabuator 
design philosophy and* therefore* what 
will be the direction of tho Phaap II 
effort* 

(4) • Call attention to tho availability of the 

Phase X prograa final reports (referencea 
1 and 2)* for aoro detailed inforaation. 

PROGRAM DESCRIPTION 

Prograa Obiectlve 

the objective of the prograa is to evolve the 
conbustion ayatea technology required to use fuels 
with aoderate ranges of broadened properties ir 
the engines used on current and future large coa- 
atrcial aircraft. 

Prograa Plan 

The prograa is being conducted in two phases. 

TWO contractors are involved in both phases of the 
prograa* the General Electric Coapany* using their 
CF6-80 engine coabustion syatea as a baseline de- 
sign* and Pratt a Whitney Aircraft* using their 
JT9D engine coabustion systea as a baseline design 
for Phase I (changed to PN2037 engine coabustion 
systea t?r Phase II baseline). 

Phase 1? Coabustor Concept Screening 
Testing . This phase consisted of a series of de- 
signs* tests* design aodificationa and retests to 
deteraine the best configurations for further 
evaluation* based on ability to use broadened- 
properties fuels while aeeting prograa perforaance 
and eaissions goals* and having suitable durabil- 
ity characteristics. Phase X has been coapleted* 
and an assessaent of its test results is the pur- 
pose of this paper. 

Phase II ! Coabustor Optimisation Testing . 

Phase II was originally intended to be used for 
opt iai sat ion of the best designs of Phase 1 in 
preparation for engine testing in a planned third 
phase of the prograa. Because of budgetary and 
other considerations* Phase III engine testing has 
been deleted fren the prograa. This has caused 
Phase II to be redirected* with refineaent of the 
better Phase I designs still a part of the pro- 
gran* but with an eye toward even aore advanced 
technology. For exaapla* the bareline coabuator 
design for the P 4 NA effort has been changed froa 
the JT9D coabustor to the la test- techno logy PW 
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2037 coabustor. Also* an advanced f a NA eoa- 
bustor concept (reference 3)* which is essentially 
an aerodynaaieally-staged* rather than aechanie- 
ally-staged* coabustor has been incorporated into 
Phase II testing. Phase XI testing is now in pro- 
gress* and is scheduled to be coapleted by the end 
of 19S3. 

Ptoeraa Goals 

The prograa perforaance goals are listed in 
table I* and the prograa eaissions goals for the 
CPd-M and JTPD conbustion systeas are given in 
table XI. the eaissions goals reflect the mvir- 
onaental Protection Agency (SPA) eaissiens stand- 
ards proposed at the tiae of the initiation of 
this prograa (reference 4). 

Coabustion Systea ConflcuratioM 

Sach contractor was asked in Phase X to pro- 
pose three coabustion systea concepts for screen- 
ing testing* along with several aodificationa of 
each concept, the csonoepta were to have varying 
degrees of potential for aoooaplishing the prograa 
goals* and were expected to involve varying de- 
grees of developaental difficulty and risk* One 
concept was to involve relatively ainor aodifica- 
tions to the baseline conbustion systea* the 
intent being to deteraine what could be done in 
the event that current in-service engines were to 
find it necessary to use broadened-properties 
fuels. The other test concepts were to be *nore 
advanced* and "highly ao*rneed* designs* which 
would presuaably be used only in entirely new 
engine designs. 

the conbustion systea concepts selected are 
decribed in soae detail in reference 5* and in 
greater in references 1 and 2. Table XXX sua- 
aarises the selections. (Rider Concept I* there 
were actually two JT9D engine coabustor s tested. 
The first* referred to in this paper as the "pro- 
duction” coabustor* is a design used in aost of 
the JT9D engines in use today. Only one test was 
conducted with this coabustor* the purpose of 
which was to establish baseline data for the pro- 
graa that could be coapared with in-service exper- 
ience* The reasinder of the Concept X tests were 
conducted with a second single-stage coabustor* 
referred to as the "advanced bulkhead" coabustor* 
used in recent versions of the JT9D engine* Under 
Concept XX, the "staged Vorbix for E^* refers to 
the series-staged coabustor used in the MARA - P 4 
NA Energy Efficient Engine (E^) prograa (refer- 
ence 6) . This coabustor was borrowed intact froa 
that prograa to be tested with broadened-proper- 
ties fuels. The "Double-Annular Staged* refers to 
a parallel-staged coabustor of a type developed in 
the NASA -GS Bxperiaental Clean Coabustor Prograa 
(reference 7). Under Concept ZII* the CF6-80 
Variable-Geoaetry Coabustor featured a reaotely- 
operated variable-area swirler to provide a range 
of priaary-sone equivalence ratios. In the JTPD 
concept* changes were made aanually to siaulate 
the Halts of variability* and a variable-airflow 
aergting fuel injector was evaluated. 

Prograa Fuels 

Table XV gives a partial list of typical pro- 
perties values for the prograa fuels. These fuels 
cover a rather significant two percent range of 
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hydro9*n content* but «r« »od«r«t« in th« Mns« 
that thay do not axtand into tha araa of coal- 
darivad or othar ao-callad aynthatic fuals. Jat-A 
fual waa uaad for coa^riaon with known baaallna 
anqina coobaation ayatan data and to aatabliah 
baaallna pro9raa data, Tha 12.0 parcant hydro 9 an 
contant fual la tha Bxparlnantal ha f araa Broad 
Spaclflca^ion (EBBS) fual aatabliahad by tha Jat 
Aircraft Hydrocarbon Puala Tachnoloqy Morkahop 
(rafaranca 0) • convanad at tha NASA Lawla Baaaarch 
Cantar in Juna 1077. tha purpoaa of thla workahop 
waa to aatabliah a rafaranca broadanad-propartlaa 
fual which would parnlt conpariaon of taat raaulta 
from nuaaroua axparlMntara. Tha othar two taat 
fuala» rafarrad to in thla papar aa ebbs 12.3 and 
EBBS 11.0, ara blanda of EBBS fual and a hl9h* 
aronatlca blandlnq stock. Datailad a»aaurad fuals 
propartias can ba found in rafarancaa 1 and 2. 

Radiant Haat riux, Linar Tanparatura. and Effact 
on Linar Li fa 

tha affact of fuals propartias variations on 
radiant haat flux and, consaquantly « conbuator 
linar tanparaturas» was tha nost important affact 
docunantad in Phaaa I tastln 9 . this inportanca 
Stans fron tha vary lar9a Inpact on astinatad coai- 
buator linar Ufa that mmy ba cauaad by what nl 9 ht 
saan to ba aodast incraaaas in linar tanpara- 
turas. Eatinatlng linar Ufa la a vary difficult 
undartakinq if dona without prior knowladga of tha 
charactariatics of tha coai>uator in question. 

Much dapanda on whathar naxinun tanparaturas occur 
at locations whara a trass concantrations ara also 
hiqhr on how close tha linar is to its naxinun 
allowable tanparatura, and whathar tha naxinun 
tanparatura is vary local 1 sad or if that laval of 
tanparatura is widespread. Also to ba conaldarad 
is t’.ia definition of exactly what constitutes 
failure in a given conbuator. On tha othar handt 
if one starts with knowledge of linar life under a 
given sat of conditions# with a known tanparatura 
pattern# astinating linar life under operation at 
another tanparatura laval is considerably note 
dapandabla. In this progran# tha contractors ware 
dealing# in tha case of tha single-stage conbus- 
tors# with %fall-known conbustor characteristics# 
and with nathods of calculation with which they 
have had axparianca (rafaranca 9 dascribas a 
tnathod used by tha (Saner al Electric Conpany) . Be- 
cause of this# tha linar life astinatas presented 
in this section# while sonatinas startling consid- 
ering tha RKxIast linar tanparatura incraaaas# ara 
considered to ba realistic astinatas. Btfarancas 
I and 2 discuss radiant haat flux and linar tan- 
paratura data in great detail. In this section# 
only enough axanplas will ba presented to indicate 
tha magnitude of tha problem. 

Radiant haat flux values ara plotted as a 
function of fual hydrogen contant in Figure 1 for 
tha JT9D baseline singla-^taga combustors (con- 
bustor configuration jasignations used in this 
papar are those use by tha respective contractors 
in reference 1 and T:) . these include tha JT9D 
"production* combustor (configuration SS-1) # used 
in most of tha JT9D anginas currently in use# tha 
JT90 "bulkhead* conibustor (configuration SS-2)« 
used in recent versions of that angina# and tha 
initial simulated variable-geometry build (con- 
figuration VG-1) # which is identical with con- 
figuration SS-2# except that all tha fual was 
injected through tha secondary passage of the 


duplex fual notsla# hanca tha "singla plpm* da- 
rn ignation. It can ba saan that radiant haat flux 
incraaaas with dacraaslng fual hydrogan contant in 
all casas# but that tha inoranant batwaan Jat-A 
and EBBS fuals is larga conparad with tha incra- 
nant batwaan EBBS and EBBS 11.0# avan though tha 
ehanga in hydrogan contant is similar. Bawaral 
poasibla axplanations for this situation hawa baan 
considaradt 

(1) Dalayad Bast Bslaaaa - Slowar ratas of 
burning in tha lowar hydrogan contant 
fuals night causa tha point of highast 
haat ralaasa to nova downstraan# and thus 
not ba "saan* as wall by tha radicnatar. 
This doas not saan likaly# as tharno- 
coupla raadings gava no avidanca of tan- 
paratura shifting. 

(2) Saturatad particulata Concantrations - As 
production of particulatas incraasas with 
lowar hydrogan contant fuals# a 
saturation point is raachad at which 
amiss ivity of tha conbustion products 
approachas that of a blackbody# limiting 
additional haat transfer. 

(3) Fual Conposition Effects - Tha dacraasa 
in hydrogan contant batwaan Jat A and 
EBBS reflects prinarily a diffaranca in 
nultl-cing aromatics# with a larga in- 
craasa in naphthalanas. For tha EBBS 
12.3 and EBBS 11.0 fuels# total aromatics 
increase substantially# but naphthalanas 
increase only sli^tly# implying that tha 
total aromatics increase is caused by 
changes in single-ring aromatics. Since 
multi-ring aromatics have a greater pro- 
pensity for particulata for nation than 
single-ring components# there night ba a 
larger incraasa in radiant haat flux in 
going from Jat-A to EBBS than in going 
fron EBBS to EBBS 11.0. 

Tha first explanation is not considered 
likely, it is not known whathar either 
or both of tha othar two possibilities 
apply in tha present case. 

An example of how tha radiant haat flux data 
of figure 1 translate into linar tanparatura dif- 
ferentials is shown in figure 2# in which average 
linar tanparaturas for tha sane combustors ara 
given. As would ba expected# tha dilution-tone 
linar tanparaturas ara rot affected to much of an 
extant# since tha downstream panels do not "view* 
tha reaction tone directly. One anomaly in this 
figure is tha flat primary-tone tanparatura curve 
at take-off for tha production conbustor (config- 
uration SS-1) « avan though figure 1 shows it to 
have a continuously-increasing radiant haat flux 
with decreasing fual hydrogan contant. 

A clearer picture of actual values of tha 
tanparatura incraasas relative to Jat-A tanpar- 
atuias is given in figure 3 for tha JT90 bulkhead 
coi^ustor at takeoff. Linar life reduction asti- 
natas ara given in Table V for this conbustor in 
tha SS-2 and VG-1 configurations. Tha much hi^;.ar 
astinatas for life reduction based on naxinun tam- 
per aturaa as conparad with those based on average 
tanparaturas indicates tha benefits of reducing 
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local hiqh tooporaturoa avan if avara 9 a taatpara* 
tura lavala ara not significantly raducad* 

Radiant haat flux data for tha final config- 
uration of tha Cfl-RO aingla-staga conbustor ara 
aho«m in figura 4. Data for all fuala aara not 
obtained at all conditions bacauaa of failure of 
the radiooatar during testing of this configura- 
tion. Note that ayailable data ara aell-ordared 
aith raapact to hydrogan contant. riguraa S and 4 
peasant data for averaga and aoxieue linar taoper- 
aturaa for tha basal ina CF4-iO singla-annular coo- 
buator configuration (8-1 i and tha final configur- 
ation of tha eoat^uator (8-10 k « raapact ively. 
points ara significant herat (1) tha data in all 
casas ara wall-ordarad with raapact fo hydrogan 
contant^ and (2) tha sansitiwity of both avaraga 
and aoxieue taeparaturaa has baan graatly raducad 
during Phasa I davalopaont. 

Tba huga aignificanca of this reduction in 
sensitivity is eada clear in figure 7* in which 
linar life reduction astieatas ara shown for tha 
two configurations whan changing froo dat-A to 
ERRS fuel. Wharaas tha taeparatura increase shown 
in figure ^ for configuration 8-1 would be ex- 
pected to lead to a linar life reduction in excess 
of 30 percent, tha euch lower taeparatura incraasa 
sh<M in figure 4 for configuration 8-10 would be 
expected to causa only about a three percent loss. 

A coeparison of sensitivities of tha three 
CP4-80 coebustor concepts to fuel hydrogan content 
is illustrated in figure S. In this figure, tha 
differential between eaxieue linar taeparatura and 
coebustor inlet teeparature when using a particul- 
ar test fuel is rationalised by tha differential 
obtained whan using Jat-A fuel, and than plotted 
as a function of fuel hydrogan content. Also 
shown for each configuration is tha value of tha 
differential with det-A to indicate cha linar 
taeparatura level. Por each coebustor concept, 
data ara shown for both baseline or other early 
configuration and for tha final configuration. 

For tha double-annular concept, liner taeparatura 
sensitivity to fuel hydrogen content essentially 
was not present even in the initial configura- 
tion. This was an anticipated result because of 
the basic design fwature, a lean-burning eain 
combustion sons in which most of ths fusl is 
burned at high-powar conditions. This fasturs, 
%ihich was originslly intandsd for NOn reduction, 
also tends to einieisa carbon particle formation 
and resulting radiant haat flux ordinarily pro- 
duced in hiqh"^uivaIence-ratio deaigna. In this 
particular combustor, tha linar taeparatura level 
is highsr than dssirad, nagating tha banafits of 
low tansitivity to fuala propartiaat however, tha 
high level can be reduced through developmental 
changes without coeproeising ths sxcsUsnt Isclt of 
fuels properties ssnsitivity, and in fact waa 
lowered significantly from configuration D-2 to 
configuration D-^ without detr leant to aanaitivity. 

*me single-annular and var iable-geomatry coe- 
buator concepts had a large aenaltivity to fuel 
hydrogen content in their initial configurations. 

In each case, subsequent development caused this 
sensitivity to disappear. Some part of ths im- 
provement in these concepts (ss well ss in the 
.tTSD concepts) appears to have been accomplished 
through atomisation, mixing, and liner convective 
heat transfer improvements^ however, by far ths 
largest effect was obtained through the use of a 
ceramic therrAsl barrier coating on the liners. 

This coating, in addition to lowering the level of 


liner taeparaturaa tignlUeaiktly, alee had tha 
affect of aaaentially elleinatieg aenaitiwity of 
paaR linar taeparaturaa to fuala pcopartlaa. for 
aingla ataga configuration 8-10, thora waa a 
apraad in eaxieue linar-to-inlet diffarantial of 
only 4 R f or tha four taat fuala, wharaaa this 
apraad had baan 44 8 for configuration 8-1. A8 
with tha doubla-annular coneapt, tha lawal of ptah 
linar taeparaturaa waa dacraatad. 

It ahould ba notad that, whila tha thareal 
barriar coating alieinatad aanaitivity of eaxieue 
linar taeparaturaa to fuala propart iaa in all 
eataa, this waa not trua of avarago linar taopar- 
aturaa. In addition, thara waa aoea eovaeant of 
paat linar taeparatura location after application 
of tha coating* Oonaaquantly, tha exact affect of 
its uaa on linar life ia difficult to aatieata* 
Also to ba conaidarad ara peaaibla changaa in tha 
reflectivity of such coatings during long-tare 
uaa, which would tend to diminish ths affactiva- 
nasa of tha coating. 

tha variabla-gaoeetry coebustor initial con- 
figuration (V-lk ahowad a fuels pcopartlaa aanai- 
tivity vary I its that of tha aingla-ataga conbua- 
tor. In theory, tha aanaitivity character iat lea 
of tha variabla-gaoeetry coebustor should ha ears 
lit# those of tha doubla-annular eoabuator, inas- 
much as tha object iva of a variable gao e a try de- 
al gn ia to obtain tha advantagaa of tha atagad- 
typa coebustor a (opt lei tat ion of react ion- tone 
aqui valance ratio at both low- and high-powar 
operation) without tha attendant coeplaxity, 
multiple fuel tones, and intareadiata - power pro- 
blaea. this coebustor acted eoca liRa a fixad- 
gsoeatry aingla-ataga design, probably bacauaa tha 
pcieary-tofia aquivaltnca ratio waa ao e a wh at higher 
at taha-off conditiona than tha design value, thus 
losing aoea of tha axpactad Lean-burning- tone 
character iat ica enjoyed by tha staged coebustor. 
For configuration v-8, tha high-powar aquivalanca 
ratio was even higher, bacauaa of attaepta to ie- 
prova idle aeisalonat howavai , although tha linar 
taeparatura level waa much higher than with con- 
figuration v-l, aanaitivity of paaR linar taepar- 
atuca to fuala pcopartlaa waa again alieinatad, 
principally through tha uaa of a thareal barriar 
coating, tha final linar taeparatura lavala of 
tha aingla-ataga and var iabla-gaoeatry coebustor a 
was aaaantlally tha aaea. It would ba axpactad 
that further dawlopeant of tha var iabla-gaoeatry 
coebustor concept would produce a leans r burning 
at high-po%»sK conditiona, beneficial to both 
reduction of tha high aeoRa lavala obtained in 
conf igurat^oi. V-8 with 8RBS fuala, and reduction 
of linar taeparatura laval. 

SeoRa leiaaiona 

With tha exception of tha CP4-80 Variabla- 
Qsoeatry coebustor, which waa in a vary early 
stage of davalopeant, all of tha coebustor con- 
cepts final Phaaa t configurations ware wall with- 
in their prograe amoRa goals. Puals pcopartlaa 
affects ware lata clear in tha case of seoRa 
aeiaaiona than with other aeiaaiona. Whila aeoRa 
numbers with 8R88 fuel ware ganarally slightly 
higRar than those with Jat-A, tha values obtsinad 
with KR8S 12.3 snd KRBS 11.8 did not follow a 
conaiatant pattern, in some cases, particularly 
in configurations with higher lavala of amoRa, 
thara appear a to ba a conaiatant incraaaa in smoRa 
number with dacraaaing hydrogan content* in other 
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CM«s# th« wmok% nuiMbtr obtained with BRBS 12.3 
and ms 11.8 was lowar than that of BRBS« and 
avan lowac than that of Jat*A. titiila tha wmokm 
points of tha BBSS fuals ara not aidaly aaparatad 
froai aach othar» that of Jat-A ia auch hiqhan 
tharafoca* axpariaantal arror al^t account for 
EBBS 12.3 and EBBS 11.8 baing t oaa ah at loaar in 
aaota nuabar than EBBS» but In no way for thalr 
balnq loatr than Jat*A. Also, although it would 
not coaplataly axplain tha abova anoaallaa* a 
battar undaratanding ia raguirad concarning tha 
affact on aaota of typa of aroaatica prasant* 
rathar than quantity of aronatica alona* As 
nantionad in tha diacuaaion of radiant haat flux 
data» tha dacraaaa in hydrogan content bataaan 
jat<*A and EBBS raflacta priMriXy a diffaranca in 
nulti-ring aroaatica » with a larga incraaaa in 
naphthalanaa. For tha EBBS 12.3 and EBBS II. 8t 
total aroaatica incraaaa aubatantially» but 
naphthalanaa incraaaa only alightly, iaplying that 
tha total aroaatica incraaaa ia cauaad by changaa 
in aingla-ring aroaatica. 

Exit Taaparatura Pattern Factor a and Radial 
Profilaa 

Coabuator axit taaparatura pattern fact or a 
ware affected only alightly in the aingla-ataga 
coabuator a (maxiaua increase of O.OS in going froa 
Jet-A to EBBS II .8) » and ware essentially not af- 
fected in the CF6-60 Double-Annular and variable- 
Geoaetry coabuator a. the P t NA Staged Vorbix 
coabuator exhibited erratic taaparatura pattern- 
profile data» possibly because of fuela-propartiaa 
sensitivity of fuel dispersion and atoaitation 
processes which occur in the aain-staga fuel- 
injection carburetor tubas. 

Effects of fuels properties on axit taapar- 
ature radial profiles %rere negligibla. 

Combustion Stability 

Idle Blowout. For all configurations » blow- 
out fuel-air ratio was recorded at idle conditions 
as a measure of relative primary- or pilot-zona 
stability. The effect of variation in fuels pro- 
perties was not significant r with a maximum in- 
crease in blowout fuel-air ratio of 0.0008 in 
going from Jet-A to EBBS 11.8. In cases in nrhich 
differences did occur, the fuel-air ratio did not 
increase consistently with decreasing hydrogen 
content. Instead, there generally would be a 
noticeable increase between Jat-A and EBBS, with 
much less increase (or even a drop-off) between 
EBBS and the t%#o EBBS blends. While tha viscosity 
of the EBBS fuel is higher than that of Jat-A, 
viscosity actually decreases in going from ebbs to 
the EBBS blends, even though their hydrogen con- 
tents are lower than that of EBBS. Also, tha 
Initial boiling point of the EBBS 12.3 and EBBS 
11.8 fuels is lower than that of the EBBS fuel. 
Both of these circumstances tend to explain the 
blowout results described above, as wall as other 
anomalies mentioned in subsequent paragraphs. 

Altitude Blowout . Blowout tests ware con- 
ducted on one of the later configurations of the 
CF6-80 single-annular combustor at altitude con • 
ditions. Figure 9 shows that the effect of fuels 
properties in going from Jet-A to EBBS fuel is 
enough to increase blowout pressure to above the 
goal for engine performance. Ihe small differ- 


aneas in results with EBBS II.8 and EBBS fuels 
compared with tha diffaranea between EBBS and 
Jat-A, tha incr ament in hydrogan content being tha 
aama in both caaaa, may be eaumad by tha viseoBity 
and volatility tranda mantlonad above, tha dif- 
faranca in blowout praaaure batwaan tha EBBS fuals 
and Jat-A in figure 9 corraaponda to roughly 1000 
mater a altitude change* Similar results ware ob- 
tained in tasting of the JT9D configuratlone. 
Again, anomaliaa occured with the EBBS il.a fuel* 

Sea-Level Cold Start . A test at aea-Ievel 
cold-atart conditions was conductad on one of the 
later configuretione of the JT9D bulkhead single- 
stage combustor* Air and fuel temperatures were 
held at 250 R* Figure 12 shows data for *tima to 
ignition* as a function of fuel flow* Although 
there were clear differancea in tha amounts of 
fual raquirad, ignition in raaaonably short tima 
was accompllahad with all fuala at fual flows be- 
low the nominal start values for the JT90 engine* 

IMPACT PHASE X TESTS RESULTS Oil FOTOBB 
CGMBUSTIOII SYSTEM DESIGN 

the selection of combustion system concepts 
and amiaaiona goals made at tha beginning of tha 
program was greatly influenced by tha EPA proposed 
amiaaiona regulations In axlatanca at that tima. 
Certainly tha main impetus for considering tha use 
of a staged or varlabla-gaomatry combustor is tha 
ability to burn lean enough at high-powar condi- 
tions to meat regulations, baesuss it is 
unlikely that tha former ly-propoaad limits for 
both idle CO and ac and high-powar NOk can be 
mat in a aingla-ataga fixad-gaomatry combustor. 
Recently, tha EPA has issued "final* amiaaiona 
ragulationt (rafaranca 10) which ara concarnad 
only with BC and smoke amiaaiona. without tha 
ancumbranca of NO^ limitations, tha use of 
staged or varlabla-gaomatry combustors is not at- 
tractive from an amiaaiona standpoint alona* From 
the standpoint of tha ability to accommodate tha 
use of broadanad-propartiaa fuals, tha staged and 
varlabla-gaomatry combustors have mar it, since tha 
lean burning capio>ility, in addition to raduclng 
NOx amiaaiona, also reduces radiant haat flux 
and liner tamper at ura levels as wall as thalr aan- 
aitivity to fuala properties. This, howavac. 
would not justify their use if modification of tha 
currant production-type aingla-ataga combustion 
aya tarns to accomplish tha aama rar,ulta (except for 
NOx reduction) ia feasible. 

Phase I tasting damonstratad that ralativaly 
minor modifications to production-typs combustors 
can offset tha affects of broadanad-propartias 
fuals with tha ranges of properties ancompsssad by 
tha EBBS and EBBS-blands fuels. ,\s always, pri- 
mary-sona aquivalanca ratio incrasaas (up to a 
value of 1.0) can be used to reduce idle amiaaiona 
and enhance combustion atablllty. Of course, this 
tends to increase smoke and liner tamper at ur as ^ 
however, judicious primary-sona dilution pattern 
select ion, battar nixing, and improved atomisation 
have bean affective in reducing amoks and liner 
hotspots, avan in caaaa in which average liner 
tamper at ura was not raduesd. The use of ceramic 
thermal barrier coatings was vary affective in 
both lowering liner tamper atura lavala and reduc- 
ing sensitivity of liner tamper atur as to fuals 
proper tiss. tha combustion system designer would 
no doubt prefer to design without linsr costings. 
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k««pin9 at an **aca in tha hPla*» to ba uaad 
If linar durability problaat crop up aftar tha 
datiqn has baan fixad and la in production} how- 
avar* linar coatings ara no«f uaad as a »attar of 
coursa in tosia production coabustors, and in a 
choica batwaan coating currant production linar s 
and initiating coaplax advanced designs# tha 
coatings would win rather easily. Monathalass# 
tha liai tat ions of such coatings aiust ba recog- 
nised. Nora affective liner -cooling techniques 
would certainly ba walcoaa# particularly since 
future coabustion systMS ara expected to ba re- 
quired to have higher cycle pressures- and teaper- 
aturas. This will not only place a heavier burden 
on engine hot parts# including ctsd>ustor liners# 
but will also causa lass air to be available for 
liner cooling and downstraaa dilution for exit 
taaparatura profile tailoring. 

For such future coabustion systaas# the staged 
and variabla-gaoaatry combustors aay be required. 
At one time# designers ware reluctant to discuss 
tha use of variable geometry in coabustion systems 
because of tha high-taaperatura environment and 
consequent difficulty of aaintalning reliability 
of operation. In recant years# however# many re- 
search programs have been conducted using variable 
geoaatry# and confidence in its eventual practic- 
ality has grotm. Certainly# from the standpoint 
of the coabustion engineer# its use must be con- 
sidered when the alternative choice is a typical 
staged combustor# with multiple fuel sones# 
potential thermal stability problems# and inter- 
mediate-power performance shortcomings. 

Because of these considerations# it is likely 
that# for current engine operating conditions# 
single-stage fixed-geoamtry coabustion systems 
will continue to be used even if fuel quality 
declines considerably. For future higher-tem- 
perature and -pressure cycles# variable-geoaetry 
combustors or some other innovative type of com- 
bustor will probably be required, these consider- 
ations led to the choice of combustors to be test- 
ed in Phase II of the program. When it was decid- 
ed that the originally-intended phase HI engine 
testing segment of the program would not be imple- 
mented# and therefore the need to choose Phase II 
designs that would safely operate in the baseline 
engines disappeared# the opportunity to pursue 
somewhat more innovative technology presented 
itself. Thus# the decision was made to drop the 
CF6-80 double-annular combustor# in spite of 
excellent ability to accosandate broadened-pro- 
perties fuels# and to continue refinement of the 
single-stage production-type combustor and the 
variable-geometry combustor in the GE Phase II 
program. In the P a WA Phase II program# the 
baseline engine was changed from the JT9D to the 
latest-technology PW 2037# and the combustion 
systems to be tested are a single-stage variable- 
geometry combustor and a pW2037-sired version of 
an advanced combustor# which is a staged combus- 
tor# but is staged aerodynamically# rather than 
mechanically# and has a single fuel-supply 
system. It thus attempts to take advantat'T of 
both the lean-burning capabilities of the usual 
staged combustors and the relative simplicity of 
single-stage combustors. 


COMCLUDIMG MHAMC8 

Some general statements can be made concerning 
Phase 1 test results t 

1. Combustor liner temperatures and altituda 
blowout limits wsre significantly affected by 
fuels pcopartiaa changes. 

2. Idla CO and HC« and hi^-powee IK>|| and amoks 
wera Increaaed ali^tly (uaually 10 to 30 par- 
cant) by fuels properties changes. 

3. Idle blowout fuel-air ratio# and axit tempar- 
atura pattern factors and radial profilaa wera 
asaantially not affactad by fuala propartiaa 
changes. 

4. Nalatlvaly minor daaign modifications to tha 
■ingla-ataga production combuatora wera idan- 
tified which significantly reduced aenaltivity 
of the emiaalons and parfocmanee paramatara 
listed above to fuels propartiaa variations. 
Bxcaptiona wera high-power NOx# and altltuda 
blowout. The latter is axpected to raspond to 
further fuel atomisation davelopment. 

5. Tha advanced staged and var iable-gaomatry cosh 
buator concapts showed great potential for 
maetlng all program parformance# durability# 
and emisslona goals with raaaonable 
develofxsant. 

6. Conaldarlng praaent EPA emiaalons regulations# 
aingla-atage fixed- gao m a try combustion systems 
are likely to remain in use for some time even 
in the event of fuels properties changes of 
the magnitude encompassed in this program. 

7. Advanced combustion system concepts may bs re- 
quired for use in future higher-temptrsture 
and -prasaura angina cycla applications# 
particularly with the use of broadened- 
propertias fuala. 

One very important potantial problam not ad- 
drasaed in this program la tha affaet of fuels 
propartiaa variation on fuel thermal stability. 
Broadaned-properties fuala would be expected to 
have a graatar tandancy toward cracking# with 
rasulting plugging of fual systam components. It 
was not faasibla In this program to conduct tha 
long-tarm tests raquirad to establish whathar a 
thermal stability problem exists. 

Othar factors which must ba conaidarad in 
interpreting the test data hava been mentioned 
several timet in this psptr. Thsss have to do 
with the difficulties encountered in acquiring 
fuals blends in which lavtla of all daairad pro- 
partiaa ara obtained simultaneously. In tha BUBS 
fual itaalf# eaaantially all tha daairad propar- 
tiea lavela have been reached, in the BRB8 12*3 
and EBBS 11.8 blends# howavar# both viscosity and 
initial boiling point are somewhat lowar than da- 
sired. Also# while the blends would appaar to 
have the appropriate levels of aromatica# tha ra- 
quired incraaaea in aroma tlqa for thaae two fuala 
wera obtainad with Incraaaed amounts of singla- 
ring aromatics# whereas the increase between Jet-A 
and EBBS fual was obtsinad basically with multi- 
ring aromatics. More informstion is raquirad on 
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ENEN6T CFFICICST CMINE STA8E0 -VOMU* 
ANO JTfO VANIASLC-OEOMETNY COMMSTQNS 

HC 

4.7 

3.3 

CO 

34.1 

2S.0 

*»o. 

3S.3 (CF4-80) 
33.0 (JTM)) 

33.0 

SN 

19.2 

19.2 


HC Total unOornod hydrocorboiif (p/KN) i 

CO Carbon somrIOo («/Kll) > m foraettr 

NO^ Total oKidts of nltropoo (g/KS) 1 
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TAHe III. - COMMSTIOe STSTCH COSCEPTS 



TYPE OF KSI6N 

APPLICATION 

Coficipt 1 

Nifior sodlflcitlost to prodHCtloe 
Cdsbufttor (JTfO md CF4-80 enflne 
cosSuttors) 

iH-ttmltd 

diifihe 

CoiKtpt 11 

Hort idvMCid , 

(JT90: Stifid VorbU froa O 
CF6-80; dMble-ifMuUr tttgtd) 

Fytiire 

dhglfws 

Coectpt III 

Highly advinced 

(JT9D and CF4-80 varlable-gMsttry tlngle-itift) 

Fytiire 

•figlfiet 


TAIU IV. - COlPMISON OF JET A AM HMMOCHED- 
FSOfEATIES TEST FUELS 


FUEL PNOPENTY 

XT A 

•NOAOENEO-PNOKNTIES TEST 

Fuas 

ENIS 

EMS 

4LES0S 

Hydrogtn contdfit. «tf 

13.5-14 

12.4 

12.3 

11.4 

Aromatict coataet. volS 

19 

31 

41 

51 

Nashthalant coataat# veil 

1 

11 

14 

14 

Initial boiling point* K 

444 

435 

434 

430 

Final boiling point, K 

540 

•01 

404 

409 

Vltcoilty, eS, 250 A 

S-7 

1.4 

7.9 

7.0 


TAILE V. * F80JECTE0 EFFECT OF USE OF CMS FUEL VS XT A 
ON LIFE OF JTIO AO**ASC€0 ULKHCAO COMUSTOR LINEN 


Confifluratlon 

SS-2 

vo-i n 

Fuil mjdction oodt 

9NS111 “ 


gaaad on aytragtnnar tonporatyra incraato 
tasporatyro Wroau K ( F) 
radoctlon In lift - % 

7 (12) 

4 

12.3 (22) 
11 

4aiad on oaalous llntr taa^ature Incrtau 
tasptratupt incrtata K ( F) 
raduction In lift - % 

15 (27) 
13.5 

40 (72) 

34 
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Figure L * R«l«nt hMt flux to linor in primary zona of tha 
throa JTSD basalina singla siagi combustors. 
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Figurt Z - Eftacts of futl composition on iraragi linor tompor- 
atures in tho thioo JT90 rofartnca combuslorL 
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Figure t • CF6-80 singl* annular combustor avaragi 
and maximum lintr tamparatures. 
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Figure?. 'Eftaetof linartafflparalureparamolaronCF4*M 
Nngla annuir combustor Uto. 
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Figure 8. - Sensitivity at peek liner tempera* 
ture rise to fuel hydrogen content, CF6-80 
combustor concepts. 
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COMBUSTOR AIRFLOW 


Figure 9. - Effect of fuel hydrogen content on CF6-80 
tingle annular combustor affituds relight/blowout 
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Figure Id * Sea level Ignition characteristics of 
JT90 single stage combustor configuration SS-7, 


